1. Introduction {#s0005}
===============

A nationwide screening programme was initiated in the Faroe Islands in 2009, to uncover undiagnosed children and adults suffering from primary carnitine deficiency (PCD, OMIM \#212140), following several episodes of sudden death among young Faroese individuals diagnosed post-mortem with PCD [@bb0005], [@bb0010]. Analysis of data from the screening programme revealed that the prevalence of PCD in the Faroe Islands, a small island community in the North Atlantic Ocean with a population of approximately 50,000 inhabitants, was by far the highest reported in the world (1:300) [@bb0010], [@bb0015], [@bb0020].

PCD is an autosomal recessive disorder of fatty acid β-oxidation caused by a lack of functional organic cation transporter 2 (OCTN2) transporters, which transport carnitine from the extracellular to the intracellular space and also prevent excretion of carnitine in urine [@bb0015], [@bb0025]. Carnitine is involved in the transfer of long chain fatty acids across the inner mitochondrial membrane for β-oxidation and also participates in several other important cellular processes [@bb0030], [@bb0035], [@bb0040]. Symptoms of PCD range from none to severe cardiac symptoms with cardiomyopathy and arrhythmia, although the most frequent symptom is fatigue [@bb0005], [@bb0045].

OCTN2 is encoded by the *SLC22A5* gene, which is ubiquitously expressed. More than 150 mutations have been reported [@bb0025], [@bb0050].

Serious symptoms related to PCD, e.g. severe cardiac arrhythmia, reported previously in Faroese patients, only occurred in patients homozygous for the well known c.95A \> G (p.N32S) mutation [@bb0005], [@bb0045]. Although the severity and susceptibility to serious symptoms may differ between the genotypes, all patients with PCD are treated with L-carnitine in the Faroe Islands.

We here report novel *SLC22A5* mutations in the Faroe Islands, as well as mean free carnitine levels and OCTN2 transport activities associated with the most common genotypes. We show that severe symptoms, levels of free carnitine and OCTN2 transport activities all correlate with genotype.

2. Materials and methods {#s0010}
========================

2.1. Subjects {#s0030}
-------------

The nationwide screening programme included 26,462 individuals or approximately 55% of the total population in the Faroe Islands from August 2009 to January 2011 [@bb0010]. Free carnitine was measured in whole blood by tandem mass spectrometry as described previously [@bb0010]. Patients verified by genetic analysis to be homozygous or compound heterozygous for mutations causing PCD were included. Heterozygotes and subjects without PCD, who were included in the analyses of carnitine levels and fibroblast studies, were all genetically verified before inclusion. Subjects designated without PCD were though only analysed for the prevalent c.95A \> G mutation.

All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000. Informed consent was obtained from all patients for being included in the study.

2.2. Genetic analysis {#s0035}
---------------------

Molecular genetic analysis was performed in all individuals with carnitine levels below 7 μmol/L [@bb0010]. Patients without obvious mutations were haplotyped using the marker D5S1984 located 110 kb upstream of *SLC22A5* and a highly polymorphic TG repeat located 50 kb 3′ to *SLC22A5* at chr5_131.779.669-131.779.956. Primers and conditions are available upon request.

Five patients homozygous for a risk-haplotype (RH) had their entire *SLC22A5* locus (approx. 25 kb) sequenced by both Sanger sequencing (one patient) and next generation sequencing (five patients).

2.3. Functional analysis {#s0040}
------------------------

Carnitine uptake in cultured skin fibroblasts to determine residual OCTN2 transporter activity was studied essentially as described previously [@bb0055] in 21 PCD patients with four different genotypes, six carrier subjects heterozygous for the c.95A \> G mutation and five subjects without *SLC22A5* aberrations (wildtype/wildtype) ([Table 2](#t0010){ref-type="table"}). Fibroblasts were grown in a medium containing Ham F-10 supplemented with 15% fetal calf serum (FCS). The cells were subcultured into 6-well multidishes. Before performing the carnitine uptake studies, the medium was withdrawn and the cell layer was washed three times with phosphate-buffered saline (PBS). PBS (1 mL) containing 3.5 μmol/L L-\[*methyl-*^14^C\]carnitine was added to the cell-layer in each well and incubation at 37 °C was performed for 4 h. All assays were performed in duplicate. A carnitine concentration of 10 mmol/L was used to correct for non-specific uptake. Following incubation discontinuation by removal of the medium the cells were quickly washed six times with ice-cold PBS. The cells were dissolved in 1 mL of 0.2 mol/L NaOH and incubated overnight at 4 °C; 0.75 mL was added to 10 mL Instagel and, after a few hours at room temperature for decay of chemiluminescence, the ^14^C content was determined in a β-scintillation counter. The amount of protein was determined on two 100 μL aliquots. Carnitine uptake was expressed as pmol/min per mg protein.

2.4. Statistical analysis {#s0045}
-------------------------

Data analysis was performed using IBM® SPSS® Statistics Version 19 (SPSS Inc., Chicago, IL, USA). Student\'s *t*-test was used to test for a significant difference in mean free carnitine and mean residual OCTN2 transporter activity between selected genotypes. Level of significance was set at *p* \< 0.05 (two tailed test).

Linear regression analysis was used to check for correlation between free carnitine and OCTN2 transport activity in four different PCD genotypes as well as between mean free carnitine levels and mean OCTN2 transporter activities in PCD genotypes, c.95A \> G heterozygotes and subjects without PCD.

3. Results {#s0015}
==========

3.1. PCD mutations in the Faroe Islands {#s0050}
---------------------------------------

Screening for PCD among 26,462 individuals identified 89, 46 male and 43 female, with a mean age of 34 (range 2--79) years [@bb0010]. All patients were verified by genetic analysis to be either homozygous or compound heterozygous for four different PCD related mutations and a risk-haplotype. The two published missense mutations c.95A \> G (p.N32S) [@bb0060] and c.136C \> T (p.P46S) [@bb0065], the unpublished c.131C \> T (p.A44V) and the novel splice-mutation c.825-52G \> A were identified. The splice-mutation created a novel 3′ acceptor site leading to inclusion of 50 additional nucleotides in the mRNA and hence a shift in reading frame. cDNA analyses verified the assumed effect, but also showed that the alternative splicing was not complete, allowing for some normal splicing to occur (data not shown).

In a subset of patients with very low free carnitine (\< 5 μmol/L) only a single heterozygous *SLC22A5* mutation could be identified. Haplotype and segregation analysis using two closely linked microsatellites showed that these patients shared the same haplotype on the mutation negative allele, which we named the RH.

We subsequently identified several individuals with reduced levels of free carnitine without a *SLC22A5* mutation who were *homozygous* for the RH (*n* = 8). Five of these patients had the entire *SLC22A5* locus sequenced (approx. 25 kb), but we were unable to detect a novel or pathogenic variant.

The two genotypes with the highest number of patients were c.95A \> G/RH (*n* = 46; prevalence ≈ 1:600) and c.95A \> G/c.95A \> G (*n* = 20; prevalence ≈ 1:1300). The number of patients with each genotype discovered in the Faroe Islands is presented in [Table 1](#t0005){ref-type="table"}.

3.2. Carnitine level and carnitine uptake {#s0055}
-----------------------------------------

[Fig. 1](#f0005){ref-type="fig"} shows a significant positive correlation between free carnitine levels and residual OCTN2 transporter activities in cultured skin fibroblasts from patients with four different PCD genotypes (*R*^2^ = 0.430, *p \<* 0.01). There was also a significant positive correlation between mean free carnitine levels and mean OCTN2 transport activities in PCD genotypes, c.95A \> G heterozygotes and subjects without PCD (*R*^2^ = 0.968, *p \<* 0.01, [Fig. 2](#f0010){ref-type="fig"}). Mean free carnitine was significantly lowest in patients homozygous for the c.95A \> G mutation, mean 2.03 μmol/L, followed by those compound heterozygous for the c.95A \> G mutation and RH, mean 3.52 μmol/L, (*p* \< 0.01, [Table 1](#t0005){ref-type="table"}). A significant difference in mean free carnitine was also present between patients with PCD and c.95A \> G heterozygotes (*p* \< 0.01) as well as between c.95A \> G heterozygotes and subjects without a PCD related mutation (*p* \< 0.01, [Table 1](#t0005){ref-type="table"}).

The carnitine uptake studies in cultured skin fibroblasts showed that the mean residual OCTN2 transporter activity was lowest in c.95A \> G homozygotes with a mean of 0.02 pmol/min per mg protein or 4% of normal followed by the c.95A \> G/RH patients, mean 0.11 pmol/min per mg protein or 18% of normal (*p* \< 0.01, [Fig. 2](#f0010){ref-type="fig"}, [Table 2](#t0010){ref-type="table"}). c.95A \> G heterozygotes had a significantly lower residual transporter activity, mean 0.29 or 46% of normal, compared to individuals without a PCD related mutation, mean 0.62, (*p* \< 0.01, [Fig. 2](#f0010){ref-type="fig"}, [Table 2](#t0010){ref-type="table"}).

4. Discussion {#s0020}
=============

We can for the first time report a significant positive correlation between residual OCTN2 transporter activities in fibroblasts and free carnitine levels in PCD patients with different genotypes ([Fig. 1](#f0005){ref-type="fig"}). There was thus a direct correlation between the functional capacity of the OCTN2 transporter and the level of carnitine in PCD patients. There was also a significant positive correlation between mean OCTN2 transporter activities and mean free carnitine levels in PCD patients, c.95A \> G heterozygotes and subjects without PCD ([Fig. 2](#f0010){ref-type="fig"}).

All but three Faroese PCD patients were either homozygous or compound heterozygous for the c.95A \> G mutation, the novel c.825-52G \> A mutation or the novel RH ([Table 1](#t0005){ref-type="table"}). Patients homozygous for c.95A \> G had a very low residual OCTN2 transport activity of only 4% compared to normal ([Table 2](#t0010){ref-type="table"}). Residual OCTN2 transport activity measured in cultured fibroblasts from c.95A \> G homozygous patients has previously been reported twice in the literature---in an Asian girl with 21% residual activity and in a Faroese boy with 3% compared to normal [@bb0060], [@bb0070]. This discrepancy between the Asian girl and the Faroese patients could be due to a difference in promoter polymorphisms influencing transcriptional regulation between ethnic groups [@bb0075]. Our data show that the c.95A \> G homozygous genotype must be considered severe. Furthermore, previous reports from the Faroe Islands of severe symptoms related to PCD, e.g. cardiac arrest, have all occurred in c.95A \> G homozygous patients, indicating a correlation between very low OCTN2 transporter activity/low carnitine levels and severe symptoms in PCD patients, although there have been previous conflicting reports in the literature about such a correlation [@bb0005], [@bb0045], [@bb0060], [@bb0080], [@bb0085], [@bb0090], [@bb0095].

The genotype c.95A \> G/RH was the most prevalent PCD related genotype in the Faroe Islands ([Table 1](#t0005){ref-type="table"}). Eight patients with low carnitine levels were found to be homozygous for the RH. Although the entire 25 kb *SLC22A5* locus was sequenced no novel or obvious pathogenic aberration could be associated with the RH. Nor did extensive cDNA analysis reveal any obvious missplicing (data not shown). As the RH undoubtedly is associated with decreased carnitine levels and OCTN2 transporter activity, we assume that the underlying genetic aberration is located in an enhancer element closely linked to *SLC22A5*.

c.95A \> G heterozygotes are prevalent in the Faroe Islands and their mean residual OCTN2 transporter activity and mean free carnitine level are approximately half of those in individuals without PCD ([Fig. 2](#f0010){ref-type="fig"}). Reduced OCTN2 transporter activities and carnitine levels in heterozygotes have been reported previously with comparable values [@bb0100], [@bb0105], [@bb0110], [@bb0115], [@bb0120], [@bb0125]. A few reports in the literature have indicated an adverse effect, especially cardiac, related to PCD carriers in both humans and in animal models [@bb0130], [@bb0135], [@bb0140]. A large study of a cohort of people with hypertrophic cardiomyopathy did not support such a relationship and our previous findings of very limited structural cardiac involvement in patients *homozygous* for PCD indicate that a causal relationship between PCD carrier status and cardiac involvement is unlikely [@bb0045], [@bb0145]. PCD carriers should though avoid carnitine-lowering drugs. Individuals diagnosed as carriers of a PCD related mutation are not prescribed L-carnitine supplementation in the Faroe Islands---still many heterozygotes have tried over-the-counter L-carnitine and some report improved stamina and reduced symptoms of fatigue. Meanwhile some PCD patients diagnosed with especially less severe genotypes have not experienced any symptoms prior to L-carnitine supplementation and no effect of the treatment [@bb0045]. This leads to the question if *all* patients diagnosed either as homozygous or compound heterozygous for PCD mutations should be routinely treated with large doses of L-carnitine supplementation, which might have long-term adverse effects? [@bb0150]

The clear indication of a genotype--phenotype association with the genotype c.95A \> G/c.95A \> G exhibiting the significantly lowest mean residual OCTN2 transporter activity and mean carnitine levels, while also being the only genotype in the Faroe Islands associated with severe symptoms, further highlights the question, if all genotypes should be treated the same way. A study is underway in the Faroe Islands to investigate if previous sudden deaths among younger individuals can be attributed to other genotypes than homozygosity for c.95A \> G. If this proves not to be the case, then treatment in the Faroe Islands might primarily be focused towards the most serious genotype, while treatment of the other less severe genotypes could be individualized towards relieving minor symptoms, e.g. fatigue. How in general to define and classify different genotypes with regards to severity though remains a question.

Implementation of neonatal screening programmes around the world to detect disorders of fatty acid oxidation has led to an increase in the diagnosis of both infants and previously undiagnosed symptomatic and asymptomatic mothers with PCD [@bb0095]. The need for an individualized treatment strategy thus seems to be growing, which would ideally take into account the genotypic properties and lack or presence of PCD related symptoms in the patients.

5. Conclusion {#s0025}
=============

We have found a significant positive correlation between carnitine levels and OCTN2 transport activities. Homozygosity for c.95A \> G causes the significantly lowest carnitine levels and residual OCTN2 transport activity and is solely associated with severe symptoms in the Faroese population indicating a genotype--phenotype correlation. Future treatment strategies for patients suffering from PCD might be focused towards patients with severe genotypes, while L-carnitine supplementation in other patients could be individualized in order to relieve possible minor symptoms.

6. Limitations {#s0060}
==============

As there were only two patients homozygous for the c.825-52G \> A splice mutation and three patients with other genotypes they were not considered when analysing statistically a potential difference among the genotypes; however we do not believe this to have any influence on the conclusions drawn. Carnitine uptake analysis was not performed on patients compound heterozygous for the c.95A \> G mutation and the c.825-52G \> A splice mutation, but we do not expect these patients to have a lower residual OCTN2 activity than patients homozygous for the c.95A \> G mutation. Subjects designated without PCD were only examined for the most prevalent and severe c.95A \> G mutation---there might potentially be some subjects with other PCD related mutations among the cohort; this would though only have a marginal affect.
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![OCTN2 activities plotted against free carnitine levels in four different PCD genotypes.](gr1){#f0005}

![Mean fibroblast carnitine uptake activity plotted against mean free carnitine levels in different genotypes, c.95A \> G heterozygotes and subjects without PCD (wildtype/wildtype).](gr2){#f0010}

###### 

Mean free carnitine in different PCD genotypes, carriers and people without PCD related mutations. \*Genotype not included in statistical analyses due to low number of patients. \*\*Two patients were excluded in the analysis because they had taken L-carnitine supplementation when tested. Three patients with other genotypes were not included in the analysis. RH: risk-haplotype. Wildtype: no c.95A \> G mutation found.

  ------------------------------------------------------------------------------------------------------------------------------------
  Genotype                          *n*\      *n*\                     Mean fC0   SD     Minimum   Maximum   95% CI for mean   
                                    (total)   (included in analysis)                                                           
  --------------------------------- --------- ------------------------ ---------- ------ --------- --------- ----------------- -------
  c.95A \> G/c.95A \> G             20        20                       2.03       0.66   1.25      3.34      1.72              2.34

  c.95A \> G/RH                     46        44\*\*                   3.52       0.86   1.67      5.63      3.26              3.78

  c.95A \> G/c.825-52G \> A         10        10                       4.22       1.91   2.09      8.16      2.85              5.59

  RH/RH                             8         8                        5.42       0.79   4.09      6.31      4.76              6.08

  c.95A \> G/wildtype               94        94                       13.02      4.12   5.60      25.34     12.18             13.87

  wildtype/wildtype                 302       302                      21.48      6.19   7.36      44.98     20.77             22.18

  c.825-52G \> A/c.825-52G \> A\*   2         0                        4.8        --     4.00      5.60      --                --

  c.136C \> T/c.825-52G \> A\*      1         0                        1.8        --     --        --        --                --

  c.95A \> G/c.136C \> T\*          1         0                        3.2        --     --        --        --                --

  c.131C \> T/RH\*                  1         0                        4.0        --     --        --        --                --
  ------------------------------------------------------------------------------------------------------------------------------------

###### 

Fibroblast analysis in different genotypes to determine residual OCTN2 activity (pmol/min per mg protein). \*Genotype not included in statistical analyses due to low number of patients. RH: risk-haplotype. Wildtype: no c.95A \> G mutation found. Note, fibroblast analysis was not performed in patients with c.95A \> G/c.825-52G \> A.

  Genotype                          *n*   Mean   SD     SEM    Minimum   Maximum   95% CI for mean   \% of normal (wildtype)   
  --------------------------------- ----- ------ ------ ------ --------- --------- ----------------- ------------------------- -----
  c.95A \> G/c.95A \> G             6     0.02   0.02   0.01   0.0       0.06      0.01              0.04                      4
  c.95A \> G/RH                     7     0.11   0.03   0.01   0.07      0.16      0.08              0.14                      18
  RH/RH                             6     0.18   0.05   0.02   0.08      0.22      0.12              0.23                      29
  c.95A \> G/wildtype               6     0.29   0.14   0.06   0.20      0.55      0.15              0.43                      46
  wildtype/wildtype                 5     0.62   0.10   0.04   0.50      0.74      0.50              0.75                      100
  c.825-52G \> A/c.825-52G \> A\*   2     0.1    0.07   0.05   0.05      0.15      0.00              0.74                      \-
